D-R137 697  SPEECH RECOGNITION: ACOUSTIC PHONETIC AND LEXICAL
KNOWLEDGE REPRESENTATION(U)> MASSACHUSETTS INST OF TECH
CAMBRIDGE RESERRCH LAB OF ELECTRONICS ¥ W ZUE

UNCLASSIFIED 81 FEB 84 NO6B14-82-K-8727 F/G 5/7




P

A

L

v
5
R

-
-

4

%

4

.

G
' LM p28 §2s
i £ =
_— 2,
——z—_. L ™ u
, [ ¥ L 20
i+ =
= Wl.s
' E = :
"ml.25 m”u i }
— — %
MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A
S | _ .

R R N OSSO S




ADA137697

¢

R

ha e

e
®

RS

; ozt

S
X,

AR

S

STATUS REPORT

SPEECH RECOGNITION: ACOUSTIC PHONETIC
& LEXICAL KNOWLEDGE REPRESENTATION

OFFICE OF NAVAL RESEARCH
DEPARTMENT OF THE NAVY —

Contract Number NO0O014-82-K-0727
covering the periods
July 1, 1983 - September 30, 1983
October 1, 1983 - December 31, 1983

Su bm.itted by: DT‘C

Victor W. Zue
February 1, 1984 FEB1 01384 :
ke
c;é( A
Massachusetts Institue of Technology
Research Laboratory of Electronics
Cambridge, Massachusetts 02139
i for pui, 1;‘:;»”” i boen o cr
ij‘ tebuilon 1{:3?{1‘ ;let(; ds.de' !‘
g FLe OO 84 02 09 051

,s;lq?lwi ‘f': -"',_‘.' ,;f’.; - .;-’ J’ -’ “\ .’ \ h .' " " \'.'.\:. .‘1\:.,'.:' -‘ "N a } PRTLTY ) NN ﬁ-a.'v-.-v




R s
st ol

3, ik
Bk B Aol A

l‘-l_-'

NS ARrorLs
S R S IF NN

R

P,

FW BB

3
N
1

Loar Y

_UNCLASSIFIED
SECURITY CLAS3SIFICATION OF Tits PAGE (Wh~n Data Uintered)
REPORT DOCUMENTATION PAGE BEFOR COMITLEFING 1ORM
1. REPORT NUMBER 2. GOVT ACCESSION NO| 3. HEZIPIENT'S CATALGG NUMUER
08127 927
4. TITLE (and Subtitle) : S TYPE OF REPORT & PERIQOD COVERED
SPEECH RECOGNITION: ACOUSTIC PHONETIC Status Report
AND LEXICAL KNOWLEDGE REPRESENTATION 03/81/83 - 93/39/83 and
6. PERFORMING O3G. REPORT NUMBER
7. AUTHOQR(e) 8. CONTRACT OR GRANT NUMBER(s)
Victor W. Zue N00014-82-K-0727
9. PERFORMING ORGANIZATION NAME AND ADORESS 10. PROGRAM ELEMENT. PROJECT,K TASK
Research Laboratory of Electronics AREA & WORK UNIT NUMBERS
Massachusetts Institute of Technology NR 049-542
Cambridge, Massachusetts 02139
11, CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT OATE
Office of Naval Research - Department of February 1, 1984
the Navy - 800 North Quincy Street 3. NUMBER OF PAGES
Arlington, Virginia 22217
T4. MONITORING AGENCY NAME & ADDRESS(if ditferent from Controlling Oflice) 15. SECURITY CLASS. (of this report)
Unclassified
18a. DECLASS!HCATION DOWHSRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unliited

17. DISTRIBUTION STATEMENT (of the sbstract entered in Block 20, it dilferent from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side i{ necessary and identily by block number)

A large vocabulary and a continuous speech recognition system,
which are acoustic-phonetically based phontactic constraints
acoustic cues to word boundaries.

A The purpose c4 +h's §reaan /i-/_g)

0. APSTRACT (Continue on reverse side If necessary and identily by dlock number) 1 a h data
under whi op Sheeh base

acl 1c§
oy Tty acousti ic acteristics of various

speech
éagg: lex;ocn of say f°nooo WO and ae t%2§§§2§he phonoloqlcal prooeﬁgéggagf
t are tﬁ toundarlggeegevef %2 teot beguéx Egg oo ot ggae-

a§§F§§$e5° u?y the 1nter¢¢tlons of acoustxc, phonetic and 1
a?égggnlzux;any'%gg 15 t?g %on sgfec nax?géglgg s §§§?¥%e lﬁge

ions of higher-level knowledge sources.

A

v

DD ':g:"n 1473  E€DITION OF 1 NOV 65 IS OBSOLETE UNCLASSIFIED

—————d N
SECURITY CLASSIFICATION OF THIS PAGE (When Date Fntered)

’ e o A N
T AT A A Y f\" N R R R MO




fas

)
S

%
¥

TECHNICAL PROGRESS
Contract Number NOQ014-82-K-0727
Periods covered: 07-01-83 through 09-30-83 and
10-01-83 through 12-31-83

Over the past several months we have broadened the scope of our investigation
into the lexical and phonetic constraints imposed by the English language. At the
segmental level. we investigated the ettects of segmentation and classification
uncertainties. both of which are likely to occur in the actual implementation of a
phonetic front-end. The results of our experiments indicate that. if the uncertainties
and errors are reasonable. the constraints can still be very powerful. We have also
conducted a number of experiments examining the functional loads carried by
segments in stressed versus unstressed syllables. We found that the stressed
syllables provide a significantly greater amount of constraining power than unstressed
syllables. This implies that in the actual implementation, acoustic-phonetic
information around unstressed syllable should not receive undue emphasis. At the
prosodic level. we started to investigate the constraints imposed by the stress pattern
of words. Preliminary results indicate that knowledge about the stress pattern, or
simply the relative position of the syllable with primary stress, greatly constrains the
number of word candidates.

Impilementation of the large-vocabulary, isolated-word recognition system has
progressed in several directions. First, the performance of the acoustic classifier was
evaluated on the speech data from two speakers, one male and one female. After
minor modifications, we feel that its performance, including edge detection and
parameter characterization, is quite satisfactory, although some of the rules are still
not adequate. Second, a software system, called TRANSCRIBE, has been written.
This is an interactive system that allows researchers to write acoustic-phonetic rules
and evaluate their performance on a database. The system has the capability of
explaining the history of how a rule has been triggered, as well as why certain rules
failed to apply. This facility, together with the speech data that we have collected
previously, has greatly improved our ability to specify and debug acoustic-phonetic
rules. As a consequence, we expect that we will be able to complete the broad
acoustic-phonetic classifier within the next several months. Third, we have
implemented a system that locates the stressed and reduced syllabies of a word.
Thus. for example. the system can determine that the first syllable of the word

“institute" is stressed, whereas the second syllable is reduced.

The continuous digit recognition system has been implemented up to the level of

lexical access. and we have just completed our first round of evaluation. The system ' B e g
was developed using the speech data from one male speaker. and the initial - T
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evaluation was performed using some two hundred digits spoken by three new
speakers. one male and two lemale. We tound that the error rate 1s approximately 1%.
Thats. the correct digit is not one of the candidates in less than 1Y% of the time. The
, corresponding depth of the digit lattice is approximately 3. While these resuits are
¢ _ very preliminary. we are nevertheless encouraged and feel that this may be a viable
approach to speaker-independent digit recognition. We are continuously refining the

system. and we expect to make another performance evaluaticn in the near future.
. this time over a larger database. In addition. we have also started to collect data on
§‘§ other languages (Japanese. French. and Italian) for the digit task. Digits strings for
O these languages have been recorded and digitized. Spectrograms were made. and
- the acoustic-phonetic rules appropriate for the language in question are specified
both within a digit and across digit boundaries. We expect to evaiuate the
5 performance of the basic digit recognition system for different languages. thus
determining the effectiveness of the rules, in the next quarter.
N ® We are continuing our effort to find cues to delineate words in confinuous speech.
N It is well known that words in continuous speech are not separated by pauses. In
& some cases, the acoustic characteristics can be significantly different. depending on
N the location of the word boundary. Thus. for example. the acoustic properties of
4 ; phrases "nitrate” and "night rate” may be quite different. Before investigating the
® ® possible acoustic differences between such phrases. we first investigated the
N distributional constraints imposed by the English language. We asked the following .
2" question: Given a consonant sequence, can one determine whether this sequence
: can only occur at word boundaries? Using text files ranging from 200 to 38,000 word,
: we found that, one the average. 80% of consonant sequences found can only occur at
> word boundaries. In other words, only one out of five consonant sequences can
® occur word internally as well as across word boundaries. Thus given an ideal

phonetic transcription. the word boundary can be determined uniquely most of the
time. Further studies along this line will continue in the next quarter.

The alignment of a speech signal with its corresponding phonetic transcription is
- an essential process in speech research. since the time-aligned transcription provides
- direct access to specific phonetic events in the signal. Traditionally, the alignment is

A done manually by a trained acoustic phonetician. The task, however, is prone to
% error, tedious and extremely time consuming. During the past six month we initiated
an effort to develop a system that performs the time-alignment automatically. The
3 alignment is achieved using a standard pattern classification algorithm and a dynamic

programming algorithm, augmented with acoustic-phonetic constraints. In initial
implementation of the system has been completed. We will refine some of its
components and perform formal evaluation during the next quarter.

Extensive support software of SPIRE. SPIREX, and LEXIS has been written. These
three programs have now been field tested in a number of research laboratories

e




around the country. including several defense contractors and installations. With the
arrival of the Symbolics-3600 Lisp machine. programs have been converted such that
they now run on all the Lisp machines. We continue to increase the amount of speech
data. We now have more than one hour of digitized speech available on line.
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THE USE OF PHONETIC RULES IN AUTOMATIC SPEECH RECOGNITION

Victor W. ZUE

Department of Electrical Engineering & Computer Science and Research Laboratorv of Electronics, Massachusetts Institute of

Technology, Cambridge, MA 02139, USA

Received 8 April 1983

1. Introduction

Automatic speech recognition by machine is a
research topic that has fascinated many speech
scientists for more than forty years. For many, it
represents the ultimate challenge to our under-
standing of the production and perception
processes of human communication. However, the
last decade has witnessed a flourish of research
efforts in the development of speaker-dependent,
small-vocabulary, isolated-word recognition sys-
tems that utilize little or no speech-specific knowl-
edge. These systems derive their power primarily
from general-purpose pattern recognition tech-
niques. While these techniques are adequate for a
small class of well-constrained speech recognition
problems, their extendibility to task§ involving
multiple speakers. larger vocabularies and /or con-
tinuous speech is questionable.

Reliance on general pattern matching tech-
niques has been partly motivated by the unsatis-
factory performance of early phonetically-based
speech recognition systems. The difficulty of auto-
matic acoustic-phonetic analysis has also led to the
speculation that phonetic information must be de-
rived primarily from semantic, syntactic and dis-
course constraints rather than from the acoustic
signal. The poor performance of the early phoneti-
cally-based systems can be attributed mainly to
our limited knowledge of the context-dependency
of the acoustic characteristics of speech sounds.
However, this picture is slowly changing. We now
have a far better understanding of contextual in-
fluences on phonetic segments. This improved un-
dersianding has been demonstrated in a series of
spectrogram reading experiments (Zue and
Cole, 1979; Cole et al., 1980; Cole and Zue 1980).

It was found that a trained subject can phoneti-
cally transcribe unknown sentences from speech
spectrograms with an accuracy of approximately
85%. This performance is better than the phonetic
recognizers reported in the literature. both in accu-
racy and rank order statistics. It was also demon-
strated that the process of spectrogram reading
makes use of explicit acoustic phonetic rules, and
that this skill can be learned by others. These
results suggest that the acoustic signal is rich in
phonetic information, which should permit sub-
stantially better performance in automatic phonetic
recognition.

One of the most important factors contributing
to the good performance of spectrogram reading is
our improved understanding of the acoustic char-
acteristics of fluent speech. To be sure, there has
been ongoing research on the acoustic properties
of speech sounds over the past few decades, and a
great deal of knowledge has been acquired. How-
ever, with few exceptions. these research efforts
have been focused on the acoustic properties of
consonants and vowels in stressed consonant-vowel
syllables. It was not until the past decade that
researchers began to focus on the acoustic char-
acteristics of speech sounds in continuous speech.
We now have a much better understanding of the
properties of speech sounds in different phonetic
environments [see, for example, Umeda (1975).
Kameny (1975). Klatt (1975). Zue (1976). Umeda
(1977)]. Furthermore, we are beginning to develop
a quantitative understanding of the phonological
processes governing the concatenation of words
[see, for example, Oshika et al. (1975). Cohen and
Mercer (1975)]. A few of the effects have even
been studied in detail (Zue and Laferriere, 1979:
Zue and Shattuck-Hufnagel. 1980). In addition. as

0167-6393/83,/$3.00 € 1983. Elsevier Science Publishers B.V. (North-Holland)
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a consequence of studies on the properties of
speech sounds and of the auditory responses to
speech-like sounds ({see, for example, Kiang
(1980)], we are gaining better insight into how the
speech signal is processed in the auditory system,
what portions of the signal carry the principal
information concerning distinctive phonetic di-
mensions, and what portions show more variabil-
ity with respect to these dimensions. For example,
the role of the burst spectra, burst amplitudes, and
rapid onsets and offsets in identifying place of
articulation and other features for stop consonants
have been documented (Zue, 1976; Blumstein and
Stevens, 1979).

In summary, we must emphasize that our abil-
ity to extract a great deal of phonetic information
from the acoustic signal is primarily a reflection of
our improved understanding of the factors that
contribute to the phonetic identities of speech
sounds and their acoustic correlates. Spectrogram
reading is nothing more than a paradigm to dem-
onstrate how the acoustic cues for phonetic con-
trasts are encoded in the speech signal. Native
speakers of a language demonstrate this ability
whenever they communicate by voice. In the re-
mainder of this paper, we will discuss how phonetic
information is encoded in the speech signal. We
will also present some alternative ways to repre-
sent such information in speech recognition sys-
tems.

2. Phonetic varisbility in the speech signal

Phonotactic constraints

The speech signal is the output of a highly
constrained system. In addition to having a very
limited inventory of possible phonemes, a given
language is also constrained with regard to the
ways in which these phonemes can combine to
form meaningful words. Knowledge about such
constraints is implicitly possessed by native
speakers of a language. For example. a native
English speaker knows that ‘ vnuk’ is not an En-
glish word. He/she also knows that if an English
word starts with three consonants, then the first
consonant must be an /s/, and the second conso-
nant must be a voiceless stop (i.e. either /p/, /t/,

Spesh Communication

or /k/). Such phonotactic knowledge is presuma-
bly very useful in speech communication. since it
provides native speakers with the ability 1o fill in
phonetic details that are otherwise not available or
are distorted. Thus, as an extreme example. a word
such as ‘splint’ can be recognized without having
to specify the detailed phonetic features of the
phonemes. In fact, ‘splint’ is one of only two
words in the Merriam Pocket Dictionary (con-
taining about 20000 words) that satisfies the fol-
lowing description:

[consonant][consonant][liquid or glide]
[vowel][nasal][stop].

While the existence of phonotactic constraints
is well known, a recent set of studies (Shipman
and Zue, 1982; Huttenlocher and Zue, 1983) pro-
vides a glimpse of the magnitude of their predic-
tive power. These studies examine the phonotactic
constraints of American English from the
phonemic distributions in the 20000-word Mer-
riam Webster's Pocket Dictionary. In one study
the phonemes of each word were mapped into one
of six broad phonetic categories: vowels, stops.
nasals, liquids and glides, strong fricatives, and
weak fricatives. Thus, for example, the word
‘speak’, with a phonemic string given by /spik/. is
represented as the pattern:

[strong fricative][stop][vowel][stop].

It was found that, even at this broad phonetic
level, approximately § of the words in a 20000-
word lexicon can be uniquely specified. In general
the size of the equivalence class, (namely. the num-
ber of words sharing the same pattern), was quite
small. The average size of the equivalence classes
for the 20000-word lexicon was found to be ap-
proximately 2. and the maximum size was ap-
proximately 200. In other words. in the worst case,
a broad phonetic representation of the words in a
large lexicon reduces the number of possible word
candidates to about 1% of *t%% lexicon. Further-
more, over half of the lexical items belong to
equivalence classes of size 5 or less.

Allophonic and phonological variations

When speech sounds are connected to form
larger linguistic units, the canonical acoustic char-
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acteristics of a given speech sound will change as a
function of its immediate phonetic environment.
As an illustrative example, consider the utterance,
“Tom Burton tried to steal a butter plate,” shown
in Fig. 1. Every word, except ‘a’, in this sentence
contains a single occurrence of the phoneme /t/.
However, depending upon the immediate phonetic
environment and stress pattern, the underlying
/t/’s are realized alternatively as an aspirated /t/
(‘Tom’), an unaspirated /t/ (‘steal’), a retroflexed
/t/ with extended aspiration (‘tried’), an unre-
leased /t/ (‘plate’), a flap (‘butter’), or a glottal
stop (‘burton’). The acoustic characteristics of these
realizations are seen to be drastically different.

The modification of the 4coustic properties of
speech sounds as a function of the phonetic en-
vironment is not a phenomenon that is restricted
to be within a word. When words are concatenated
to form phrases and sentences, significant acoustic
changes can result, as evidenced in the following
example. Fig. 2 shows a spectrogram of the seven
words ‘did’, ‘you’, ‘meet’, ‘her’, ‘on’, ‘this’. and
‘ship’, spoken in isolation as well as in a sentence.
“Did you meet her on this ship?”’ We can see, for
example, that the word-final /d/ and the word-
initial /y/ in the word pair ‘did you’ are realized
acoustically as a single /j/; the word-final /t/
and the word-initial /h/ in the word pair ‘meet
her’ are realized as a single flap; and the word-fi-
nal /s/ and the word-initial /3/ in the word pair
‘this ship’ are realized as a single, long /3/. Such
phonetic changes at word boundaries, particularly
when there are adjacent word-final and word-ini-
tial consonaants, are extremely common in Ameri-
can English. In order to properly perform lexical
access, the nature of these phonological rules must
be understood.

3. Representation of phonetic knowledge

Even though the acoustic realizations of
phonetic segments are highly context-sensitive,
most of the variations, such as the ones illustrated
in Figs. 1 and 2, are systematic and can be cap-
tured by explicit rules. (For example, /t/ becomes
a glottal stop [?] when preceded by a stressed
vowel and followed by a syllabic nasal [n}]. as in
‘Burton’.) Over the past decade, research in fluent

LIRS ,A":“?')l.(.!‘ Dy fNg - ?, TS AN PRI 1 IR
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speech has enabled us to gain a good under-
standing of the nature of these rules and how they
interact. Although our present knowledge of the
inventory of these rules is still incomplete. such
knowledge, however fragmented. must be incorpo-
rated into a speech recognition system so that
words can be recognized from seemingly ambigu-
ous acoustic signals.

In order to discuss how acoustic phonetic
knowledge should be represented in speech recog-
nition systems, it is perhaps useful to distinguish
three types of phonetic/phonological rules. First.
there are the phonotactic constraints governing the
allowable combination of phonemes. For example.
the homorganic rule in English specifies that a
syllable-final nasal/stop cluster must agree in the
place of articulation. It should be noted that the
obligatory nature of the phonotactic constraints
makes them more suited to categorical formula-
tions.

Second, there are the rules that describe the
modification of acoustic characteristics of
phonemes in various phonetic environments. These
allophonic rules are again mostly categorical. How-
ever, their acoustic consequences may take on a
continuum of values. For example. in American
English the phoneme /t/ becomes a retroflexed
alveolar voiceless stop when preceding a retro-
flexed consonant or vowel. On the other hand. the
amount of the acoustic change. such as the lower-
ing of the burst frequency and the lengthening of
the voice onset time, may vary over a wide range.
Traditionally, allophonic variations have been con-
sidered one of the major sources of difficulty for
speech recognition, since they represent undesira-
ble distortion, or noise, imposed on the canonic
characteristics of the phonemes. However. re-
searchers are beginning to see such allophonic
variations as a source of information [see. for
example, Nakatani and Dukes (1977)]. For exam-
ple. Church (1983) demonstrated that detailed
knowledge about allophonic rules can be exploited
during lexical access by parsing the phonetic string
into syllables and other suprasegmental con-
stituents.

Allophonic rules traditionally have been de-
scribed in the context-dependent formalism: A =
B/CD (i.e., segment 4 becomes segment B in the
context of segments C and D). There are several

Vol. 2. Nos. 2-3. July 1983
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Fig. 1. Spectrogram of the sentences. “Tom Burton tried to steal a butter plate.” spoken by a male speaker. The spectrogram
illustrates the various acoustic realizations of the phoneme /1/.
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drawbacks with such a description. The rules as-
sume that the output units are discrete, whereas
the variations seem to take on a continuous range
of values. In addition, the application of context-
dependent rules often requires the specification of
the correct context, a process that can be prone to
error. (For example, the identification of a retro-
flexed /t/ in the word ‘tree’ depends upon cor-
rectly identifying the following retroflexed conso-
nant /r/). Finally there is no definitive agreement
among researchers regarding the constituent units
used to describe such variations, be it segment,
syllable, or metrical foot.

The third type of phonetic rules specifies the
optional realizations of a particular phonetic string.
Most of the low-level phonological rules that de-
scribe alternate pronunciations of words fall into
this category. These rules specify, for example,
that a word such as ‘international’ can have many
pronunciations including the deletion of /t/
and/or the deletion of the penultimate schwa.
Traditionally, this problem is solved by expanding
the lexicon, and the possible word combinations,
with phonological rules to include all possible
pronunc . ..ons (Cohen and Mercer, 1975; Woods
and Zue, 1976). This approach also has some
drawbacks. For example, dictionary expansion
does not capture the nature of phonetic variability,
namely that certain segments of a word are highly
variable while others are relatively invariant. It is
also difficult to assign a likelihood measure to
each of the pronunciations. Finally, storing all
alternate pronunciations is computationally expen-
sive, since the size of the lexicon can increase
substantially.

It is interesting to note that, for American
English at least, most of the phonological rules
tend to apply to unstressed syllables. Since the
acoustic cues for phonetic segments around uns-
tressed syllables are usually far less reliable than
around stressed syllables [see, for example, Cutler
and Foss (1977)), one may ask whether detailed
knowledge of the various pronunciations are nec-
essary for speech recognition. A recent study con-
ducted by Huttenlocher and Zue (1983) indicates
that phonetic segments within unstressed syllables
provide little constraint for lexical access. Like in
Shipman and Zue (1982), the phonemes were
mapped into broad phonetic classes, except this

time the mapping was done only for phonemes
within stressed syllables. The entire unstressed svi-
lable was mapped into a ‘place holder’ symbol.
[*]. Thus, for example. the word
‘spectrogram’/spektrogrem/ is represented by the
pattern:

[strong fricative][stop]{vowel][stop][ *]
[stop][liquid or glide][vowel][nasal].

It was found that such representation still pro-
vided powerful constraints for lexical access. These
results suggest that low-level phonological varia-
tions may be handled by ‘wild-carding’ the uns-
tressed syllables where the functional load carried
by the phonetic segments may be minimal.

4. Summary

In our view the speech signal is the output of a
highly constrained production mechanism. The de-
coding, or recognition. of sentences involves the
proper utilization of constraints at various levels,
including acoustic-phonetic, phonological, lexical,
syntactic, and semantic. In this paper. we dis-
cussed the types of constraints that exist at the
phonetic and phonological levels, and demon-
strated that such constraint must be captured in
an automatic speech recognition system.

Over the past two decades, we have made sig-
nificant improvements in our qualitative under-
standing of the phonetic and phonological con-
straints. However, there still remains a great deal
of work that needs to be done. First, we need to
study a sufficient amount of data so that these
phenomena can be quantified. Second. a formal
mechanism for describing these constraints, both
in terms of the proper units and the proper gram-
mar, must be devised. Finally, the interaction of
these constraints at different levels must be pro-
posed, tested, and incorporated. From a functional
standpoint, there exist a variety of ways to handle
the phonetic variability, including the use of prob-
abilistic modeling. However, if we view the speech
recognition problem as one of constructing a com-
putational mode! for speech perception. then the
identification, quantification, and formulation of
these phonetic rules is a task that the research
community must collectively undertake. It is only
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During the past decade, significant advances have been made in
® the (field of isolated word recognition (IWR). In many instances,
transitions from research results to practical implementations have

taken place. Today, speech recognition systems that can recognize a

small set of isolated words, say 50, for a given speaker with an error
rate of less than 5% appear to be relatively common. Most of the

current systems utilize 1little or no speech-specific knowledge, but

derive their power from general-purpose pattern recognition
techniques. The sSuccess of these systems can at least in part be
attributed to the introduction of novel parametric representations
(Makhoul, 1975), distance metrics (Itakura, 1975), and the very
powerful time alignment procedure of dynamic programming (Sakoe and

Chiba, 1971).

® While we-have clearly made significant advances in deal.ing with a
small portion of the speech recognition problem, there 